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Abstract
Main-belt asteroid (6478) Gault unexpectedly sprouted two tails in late 2018 and early 2019, identifying it as a new
active asteroid. Here we present observations obtained by the 1.2 m Zwicky Transient Facility survey telescope that
provide detailed time-series coverage of the onset and evolution of Gault’s activity. Gault exhibited two brightening
events, with the ﬁrst one starting on 2018 October 18±5days and a second one starting on 2018 December
24±1days. The amounts of mass released are 2×107 kg and 1×106 kg, respectively. Based on photometric
measurements, each event persisted for about a month. Gault’s color has not changed appreciably over time, with a pre-
outburst color of gPS1−rPS1=0.50±0.04 and gPS1−rPS1=0.46±0.04 during the two outbursts. Simulations of
dust dynamics shows that the ejecta consists of dust grains of up to 10 μm in size that are ejected at low velocities below
1 m s 1- regardless of particle sizes. This is consistent with non-sublimation-driven ejection events. The size distribution
of the dust exhibits a broken power law, with particles at 10–20μm following a power law of −2.5 to −3.0, while
larger particles follow a steeper slope of −4.0. The derived properties can be explained by either rotational excitation of
the nucleus or a merger of a near-contact binary, with the latter scenario to be statistically more likely.
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1. Introduction
The active asteroids make up a small-body population in our
solar system that is dynamically asteroids, but can transiently or
periodically display comae and tails. While the activity of
comets is driven by sublimation, asteroid activity may be
driven by a diverse set of mechanisms, including sublimation,
rotational instability, impacts, and thermal fracturing (Jewitt
et al. 2015). The occurrence rate of active asteroids is about
1–10 per 100,000 (see Chandler et al. 2018), implying <100
active asteroids among the known ∼800,000 asteroids.
(6478) Gault is a kilometer-sized asteroid in the Phocaea
family (Nesvorny 2015) with no previous record of activity.
With a Tisserand parameter with respect to Jupiter, TJ=
3.46,12 Gault is dynamically a main-belt asteroid. Its activity
was ﬁrst detected by the Asteroid Terrestrial-impact Last Alert
System (ATLAS) on 2018 December 8 (Smith et al. 2019),
with conﬁrmations by other observers (e.g., Hale et al. 2019;
Jehin 2019; Ye et al. 2019).
We identiﬁed serendipitous observations of Gault in the
Zwicky Transient Facility (ZTF) survey data, dating back to
2017 November 14. These observations provide baseline
(inactive) photometry as well as extended coverage of the
activation of Gault. In this Letter, we analyze the time-series
data provided by ZTF to characterize the activity of Gault, and
to understand the mechanism that drove its activity.
2. Observations
ZTF is a synoptic survey combining the 1.2 m Oschin
Schmidt telescope with a new 47deg2 camera at Palomar
Observatory. Using 30 s exposures, ZTF can observe an area of
3760 deg2 in an hour, to a typical 5σ detection limit of
rPS1=20.7. Most survey observations are taken in the ZTF g
and r ﬁlters. The telescope and its survey strategy are described
in Bellm et al. (2019) and Graham et al. (2019).
We use ZChecker,13 a software suite originally developed
to analyze comet images in ZTF data, to extract and process the
ZTF images of Gault (Kelley et al. 2019). ZChecker uses the
ephemeris provided by JPL HORIZONS (Giorgini 2015) and
the survey metadata (Masci et al. 2019) to identify observations
of known small bodies in the ZTF archive.
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The software combines frames from each night into nightly
stacks, and applies temporal ﬁltering to the images to highlight
morphological changes over time. Based on ZChecker
identiﬁed observations, we derived photometry based on
point-source-function (PSF) ﬁtting from the ZTF data reduction
pipeline (Masci et al. 2019), and extracted the source nearest
the ephemeris position of Gault. Photometric zero-points for
the absolute calibration are calculated by the ZTF Science Data
System by comparing ﬁeld stars with the PANSTARRS Data
Release 1 catalog (see Magnier et al. 2013; Masci et al. 2019,
Section 3.5).
ZTF has observed Gault more than 300 times since its
commissioning in late 2017, with most observations occurring
after 2018 October. A time-series animation of ZTF imaging of
Gault is shown in Figure 1. The images shown are cut-out
frames of 5′×5′. Most stars are masked before the frames are
median combined into nightly stacks. The total integration time
each night varies from 30 s to 27 minutes.
3. Results
A summary of the ZTF photometry of Gault is shown in
Figure 2. We ﬁrst construct our own HG photometry model for
Gault, as absolute magnitudes based on the Minor Planet
Center (MPC) database contain biases of up to 0.3–0.5 mag
(Jurić et al. 2002; Pravec et al. 2012). By using the
observations acquired in 2017 (pre-outburst), we derive Hg=
14.81±0.04 and Hr=14.31±0.01, assuming G=0.15.
This yields gPS1−rPS1=0.50±0.04. The color is both
broadly consistent with C-type asteroids (gPS1−rPS1≈0.5)
and, to a lesser degree, with S-type asteroids and comets
(gPS1−rPS10.6).
The light curve shows that Gault was already ∼2mag above
baseline when ZTF observed it on UT 2018 October 31.50, the
ﬁrst ZTF observation in 2018. The asteroid was ﬁrst point-
source-like in appearance and its size was equivalent to the
seeing (with FWHM of ∼2″). The brightness peaked around
2018 November 7 with a ﬁnal brightness increase of
Δmag=2.4. A tail ﬁrst appeared in ZTF images from UT
2018 November 16. The light curve suggests that the
brightening subsided around 2018 mid December.
The photometry shows that a second outburst started
between UT 2018 December 24.51–28.46 and peaked near
2019 January 4, with Δmag=0.6 compared to the subsided
brightness in 2018 mid December (accounting for the change
of geometry). The brightening lasted about 2 weeks. A new tail
was ﬁrst observed in ZTF images on 2019 January 28. This
second tail was observed as early as 2019 January 20 by other
observers (Jehin 2019; Lee 2019).
During both active phases, Gault had gPS1−rPS1=
0.46±0.04, in 1σ agreement with the color of the nucleus
ZTF measured in 2017. The asteroid and its near-nucleus ejecta
is thus slightly redder than the Sun (gPS1−rPS1=0.39; see
Willmer 2018). This suggests that the dust ejecta does not
contain a preponderance of Rayleigh scatterers (i.e., sub-μm-
sized dust) or water ice.
4. Analysis
4.1. Onset of Activity
The behavior of brightness over time can be used to
determine the onset of activity and to characterize the ejecta. In
Figure 3 we note that the brightening phase appears to follow a
square law:
I z t t , 10 2= -( ) ( )
where I is the excess ﬂux, t−t0 is the elapsed time since the
start of activity, and z is a constant related to the acceleration of
the dust grains. The underlying assumption is that (1) the ejecta
is dominated by dust grains that do not fragment; (2) the
brightness is proportional to the total surface area of the ejecta;
and (3) either the full volume is optically thick until the peak
brightness, or the dust is being continually produced for several
days. An alternative scenario is that the fragmenting ejecta
leads to an exponentially increasing brightness, as seen in
cometary outbursts (e.g., Hsieh et al. 2010). The latter scenario
cannot describe the light curve of Gault.
Based on Figure 3, the parameters most compatible with the
observations are t0=2018 October 18±5, z 0.40= 
0.05 day 2- for the ﬁrst outburst, and t0=2018 December
24±1, z 0.10 0.02 day 2=  - for the second outburst. The
spread in z is likely an artifact due to the limited number of
observations, especially for the second event.
4.2. Dust Properties
4.2.1. General Properties
To constrain the size of the dust grains in the ejecta and to
provide an independent constraint on the onset of activity, we
performed a syndyne-synchrone analysis (see Finson &
Probstein 1968) of the ZTF images. Syndynes are a set of
lines representing the positions of particles of the same sizes,
whereas synchrones are a set of lines representing the positions
of particles released at the same time. Syndynes are usually
expressed using β, the ratio of the solar radiation and
gravitation forces and a proxy for particle size: b =
r5.74 10 4 r´ - ( ), where ρ is particle density and r is particle
radius, both in MKS units.
We use images taken on 2018 December 29 and 2019
February 8 for our analysis. These images are selected due to
their relatively high signal-to-noise ratios (S/Ns). Analysis
with a ﬁner time step did not provide extra information,
because the event evolves over a timescale of weeks.
As shown in Figure 4, the primary tail most closely
resembles the synchrone curves that reproduce materials
released between 2018 late October and 2018 mid November,
in agreement with the results above. The new, secondary tail is
consistent with an onset around 2019 January 1, also consistent
with the second onset date derived above (±1 week from 2019
January 4).
The range of β values (i.e., grain sizes) can be estimated by
matching the overlapping sections of the tail and the syndynes.
We establish that the smallest grains released in both events
have β≈0.03 (or approximately 15 μm in diameter) and the
largest grains have at least β=0.001 (or 0.4 mm in diameter).
The syndyne-synchrone analysis assumes zero terminal
ejection speeds of dust grains, and therefore cannot be used
to derive ejection speeds of the dust. However, the absence of
Sun-ward ejecta can be used to constrain the ejection speed
(e.g., Hui et al. 2017):
v
GM l
r
2
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where G 6.67 10 N kg m11 2 2= ´ - is the gravitational con-
stant, M 2 10 kg30= ´ is the mass of the Sun, Δ and rh are
the geocentric and heliocentric distance, and l≈1″ is the
apparent Sun-ward turnaround distance measured from the
nucleus, as constrained by the PSF of our ZTF images. By
substituting the variables with corresponding numbers and
taking β0.03 (from the syndyne-synchrone analysis above),
Δ=1.51 au and rh=2. 41 au for UT 2019 February 8.3, we
obtain an upper limit of v 8 m sej 1 - .
4.2.2. Dust Tail Model
The tail morphology can be used to further constrain the
properties of the ejecta, and we employ the dust dynamics code
Figure 1. ZTF observations of the evolution of Gault’s activity from UT 2018 October 31 to 2019 February 10. Most background sources are masked, leaving a few
artifacts. Frames are projected into a reference frame with the projected vector to the Sun in the +x direction. The −v vector points to the negative of the motion
vector. The animation of the ZTF observations runs from 2018 October 31.52 to 2019 January 31.29 UT. Notebook is available herehttps://github.com/Yeqzids/
activation_of_6478_gault/blob/master/img.ipynb.
(An animation of this ﬁgure is available.)
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originally developed by Ye et al. (2016). We focus on the
stacked image of 2019 February 8, as it offers the highest S/N
in our data set, with both tails clearly visible. Although the
model contains a number of poorly constrained parameters and
often cannot provide unique solutions, for this particular case,
the light-curve and syndyne-synchrone analysis above has
provided a set of useful boundary conditions, which helps the
identiﬁcation of improbable solutions.
The model assumes isotropic ejection, with the terminal
ejection speed deﬁned as:
v V , 3pej 0b= ( )
where V0 is the mean terminal ejection speed of a β=1 dust
grain, and p is a constant. We will test V0 of 1 and 8 m s 1- for
p=0, andV 50 m s0 1= - for p=0.5. These values are chosen
because (1) the range of V0 is determined by the largest V0
capable to launch particles from 30μm to 1mm into terminal
speed, while not exceeding the 8 m s 1- limit derived above; and
(2) it has been found that non-sublimation-driven active
asteroids follow p=0, while sublimation-driven active
asteroids follow p=0.5 (Moreno et al. 2012; Jewitt et al.
2015). We assume the dust size follows a simple power law,
with a differential size index of q. The range of q to be tested is
from −4.0 to −2.5, a range identiﬁed by previous observations
of comets and active asteroids (see Fulle 2004; Jewitt et al.
2015; Rotundi et al. 2015), with an interval of 0.5. The β of the
test particles ranges from 0.0003 to 0.03 as indicated by
Figure 4. Particles are released during 2018 November 7±5
and 2019 January 4±5, the FWHM estimated from Figure 3.
We assume the ratio between the dust productions of the two
events is 16:1, in concordance with the amounts of mass losses
derived later in Section 4.3.
Model images, shown in the upper panel of Figure 5, clearly
show that only V 1 m s0 1= - and p=0 agrees with the
observation. This indicates that the dust grains are released just
beyond the gravitational escape speed of Gault. A constant
ejection speed through the particle size range is in line with the
behavior of other active asteroids with non-sublimation-driven
ejection (Jewitt et al. 2015).
Since the tail is straight and narrow, we collapse the
observational and model images into one-dimensional proﬁles
along the tail axis for simple comparison. Note that the tail axis
is 31° off from the Sun-comet axis in the counterclockwise
direction, due to the coupling of gravitational attraction and
radiation pressure on the dust grains. To minimize sky noise,
the observational proﬁle is derived from summing a 20″-wide
strip along the tail axis, with the width of 20″ corresponding to
the width of the tail.
The proﬁles, shown in the lower panel of Figure 5, reveal a
turnover point at ∼140″ behind the nucleus, corresponding to
particles with β=0.01 according to the syndyne analysis in
Figure 4. Particles with β<0.01 follow q=−4.0 while those
with β>0.01 follow q=−2.5 to −3.0. A quick check shows
that the turnover is also seen in the data taken on 2019 January
28. A change in the power law of the dust size distribution is
interesting but not unusual: similar behaviors have been
observed in meteor observations (Ye et al. 2014) and in situ
measurements (Gombosi 1986; Price et al. 2010), and probably
reﬂect either inherent properties of individual comets or
spaceweathering processes on different sizes of dust. Note that
these materials are ejected during the ﬁrst event; ejecta from the
second event are within 40″ from the nucleus and do not have
as much statistics. We crudely estimate q=−3.5 to −4.0 for
the ejecta from the second event.
4.3. Mass Loss
The total mass loss can be calculated by:
M aC
4
3
, 4d d er= ¯ ( )
where 2900 kg md
3r = - is the bulk density of dust grains
(Carry 2012), a¯ is the characteristic grain size for the derived
Figure 2. Long-term light curve of Gault in late 2017 (left panel) and late 2018 to early 2019 (right panel) constructed from nightly binned ZTF photometry. Also
shown is the predicted baseline (i.e., inactive) brightness from our HG model. Notebook is available herehttps://github.com/Yeqzids/activation_of_6478_gault/
blob/master/lightcurve.ipynb.
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size distribution, which we take 0.01 20 mb m=  , following
the results from Section 4.2, and Ce is the effective scattering
cross-section of the ejecta:
C
r
p a
10 1 10 , 5
V
m m m
e
h
2 2
2
0.4 0.4r r r,
p
a=
D
F -Å
D -
( )
( ) ( )( )
where Δmr is the brightness excess in r, a 1.5 1011= ´Å m is
the mean heliocentric distance of the Earth, Φ(α)=0.035α is
the simple phase function of the target with a phase angle of α
(see Li et al. 2015), m 26.9r, = - is the apparent r magnitude
of the Sun (Willmer 2018), mr is the nuclear brightness of the
asteroid, and deﬁnitions of all other variables follow the
deﬁnition in Equation (2). By substituting corresponding
numbers from the two brightness peaks identiﬁed in
Section 2, taking α=21° over the observed period and
assuming pV=0.04 for the dust (Fulle et al. 2010), we obtain
M 2 10 kgd 7= ´ for the ﬁrst event, and M 1 10 kgd 6= ´ for
the second event.
5. Activity Mechanism
Asteroid activity can be driven by a variety of mechanisms,
including sublimation, impact, electrostatics, rotational excita-
tion, thermal stress, or interactions of near-contact binaries
(Taylor & Margot 2014; Jewitt et al. 2015). Our observations
rule out sublimation (see Section 4.2.2) or electrostatics (which
operates on micrometer-sized dust). Gault’s orbit keeps it
relatively far from the Sun, ruling out thermal stress. Three
possibilities seem to remain: impacts, rotational excitation, and
binary interactions.
Gault is likely between 2 and 10km in diameter, as
estimated from our HG model. This number is calculated using
the canonical relation D p1329 10V
H1 2 5= - -/ / , where pV=
0.03–0.6 is the geometric albedo of the Phocaea asteroids
(Novaković et al. 2017). The albedo of Gault is not known. The
broadband color derived from pre-outburst ZTF data is slightly
more compatible with low-albedo, C-type asteroids than other
types of asteroids (see Section 3), but this needs spectroscopy
to conﬁrm.
Statistical models predict that for asteroids in this size range
(i.e., asteroid with diameters of >2 km), impact-driven activity
disruption occurs more frequently than rotation-driven activity
(Marzari et al. 2011). However, the repeated activation of Gault
would require multiple impacts, which we consider unlikely.14
If the two events were indeed driven by impacts, a pair of
10–20m projectiles was needed to reproduce the observed
brightness increase and the cross sections of the ejecta (Jewitt
et al. 2015, Figure 16). A rotation-driven event, though
consistent with the observation, occur at a rate of 10−6–
10 yr4 1- - for the entire population of >2 km main-belt
asteroids, which is low.
The most likely scenario, a merging near-contact binary, was
suggested to drive the activity of 311P/PANSTARRS (Hainaut
et al. 2014). A binary system can merge into a contact binary
through the loss of angular momentum (known as the binary
Yarkovsky–O’Keefe–Radzievskii–Paddack effect, or BYORP,
see Ćuk & Burns 2005), but the merging process can cause
fragmentation and dust emissions. Multiple ejection episodes
may therefore be caused by different stages in the merging
process. The timescale of the BYORP process is ∼105 yr for
near-Earth asteroids (Ćuk 2007), or ∼106 yr for main-belt
asteroids after accounting for lower solar radiation at larger
distances to the Sun. Assuming 15% binaries among main-belt
asteroids (see the discussion in Margot et al. 2015, Section 2.2),
the rate of binary merges is (number of kilometer-sized main-
belt asteroids)×(fraction of binaries) ÷ (timescale of BYORP
process) 10 15% 10 yr 0.1 yr6 6 1= ´ ¸ = - , which, for kilo-
meter-sized asteroids, is much higher than the rates of impact-
and rotation-driven activities for kilometer-sized asteroids.
Figure 3. Brightness excess of Gault from the prediction by the HG model, with square-law and exponential functions matched to the data points. The left panel shows
the ﬁrst activation, the right panel the onset of the second. The dashed line is the baseline and the dotted line is the asymptote in 2018 mid December. Notebook is
available herehttps://github.com/Yeqzids/activation_of_6478_gault/blob/master/lightcurve.ipynb.
14 An impact-driven activity would have been an excellent tribute to Dr.
Donald Gault, whom the asteroid was named after; he was a pioneer in the ﬁeld
of impact cratering processes (Schultz 1999).
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A merging binary system is expected to have a characteristic
light curve with a large amplitude (Descamps 2008). The
available ZTF data do not allow extraction of a rotational light
curve; however, a crude inspection of Figure 2 does not show
any noticeable scatter caused by large amplitude. This may be
explained by the geometry between the orbital plane of the
binary and the Earth, as well as the contamination of the ejecta.
Future light-curve studies, to be conducted after the dust grains
have moved away, should be able to prove or reject this theory.
6. Summary
We presented observations of newly identiﬁed active
asteroid Gault obtained in the course of the ZTF survey. As
of 2019 mid February, Gault exhibited two mass loss events:
the ﬁrst event started on 2018 October 18±5days, peaked
around 2018 November 7, and subsided around 2018 mid
December; the second event started on 2018 December
24±1days, peaked around 2019 January 4, and subsided
around 2019 late-January. The two events released 2×107 kg
Figure 4. ZTF images from 2018 December 29 and 2019 February 8 overlaid with syndyne-synchrone chart. Synchrone lines are the position of particles released on
2018 October 1, November 1, December 1, and 2019 January 1 (for the 2019 February 8 image) in clockwise order. Syndyne lines are calculated for particles released
after 2018 October 1. Notebook is available herehttps://github.com/Yeqzids/activation_of_6478_gault/blob/master/syndyne-synchrone.ipynb.
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and 1×106 kg of mass, respectively. Gault’s color did not
change appreciably during the outbursts, with a pre-outburst
color of gPS1−rPS1=0.50±0.04 and gPS1−rPS1=
0.46±0.04 during the two outbursts.
We investigated the evolution of dust tail morphology using
a dust dynamics model. We found that the ejecta was
dominated by dust grains with sizes 10 μm, and followed
different size distribution: particles at 10–20μm follow a
power law of −2.5 to −3.0, while larger particles following a
steeper slope of −4.0. These particles were ejected at very low
speeds of 1 m s 1 - regardless of particle sizes, consistent with
non-sublimation-driven ejections observed in other active
asteroids.
The derived properties were most consistent with activity
driven by either rotational excitation, or merger of near-contact
binaries. We showed that from a statistical perspective, a
merger of near-contact binaries is more likely to be responsible
for the activity of Gault, but additional observations are needed
to prove or dispute this hypothesis.
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Figure 5. Dust tail model for the ZTF image taken on UT 2019 February 8.31. Upper panel: modeled images of three different sets of parameters. Lower panel:
observed and modeled proﬁle along the tail direction, normalized to the ﬂux level at 140″ (1.6×106 km at the asteroid) behind the nucleus. Notebook is available
herehttps://github.com/Yeqzids/activation_of_6478_gault/blob/master/dust_model.ipynb.
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